Abstract. The expression of the Wnt-antagonist Dickkopf gene (DKK) is downregulated in several types of tumors as a consequence of epigenetic DNA modification; four DKK members, DKK1, DKK2, DKK3, and DKK4, have been identified. In this study, we investigated another function of DKK3 in non-small cell lung cancer H460 cells, in which DKK3 was hypermethylated (44%) but still expressed, by interfering with DKK3 expression using DKK3-silencing RNA (SiRNA). We found that knockdown of DKK3 expression by DKK3 SiRNA transfection led to the detachment of H460 cells from the bottom of the culture plate and caused apoptosis. The expression of cyclindependent kinases D1 and E were increased by DKK3 knockdown, indicating that cells with blocked DKK3 expression entered the apoptotic pathway. We also found that the intracellular level of reactive oxygen species was higher in cells with blocked DKK3 expression than in normal H460 cells, and levels of p53, p21, and Bax were also increased by the gene knockdown. These results indicate that DKK3 acts as an antiapoptotic molecule by decreasing the intracellular level of reactive oxygen species.
Introduction
The mammalian Dickkopf gene (DKK) encodes a class of extracellular signaling molecules that control the fate of a cell during embryonic development and regulate tissue homeostasis (1, 2) . Four DKK members have been identified, DKK1, DKK2, DKK3, and DKK4, whose functions are known to antagonize canonical Wnt/ß-catenin signaling (2) (3) (4) (5) (6) .
Of the four members, DKK3, a putative Wnt antagonist, is generally downregulated in human cancers, such as lung cancer (7) (8) (9) , renal clear cell carcinoma (10) , pancreatic cancer (11) , leukemia (12) , prostate cancer (13, 14) , bladder cancer (15) , melanoma (16) , and gastrointestinal tumors (17) , and reportedly functions as a putative tumor-suppressive molecule (18) (19) (20) . In many of these cancers, the failure of its normal expression is closely associated to CpG island methylation on the DKK3 promoter; thus, many studies of DKK3 have focused on the methylation-related field (7, 8, 10, 12, 14, 15, 17, 21) .
Exposure to cellular stress, such as ultraviolet light irradiation or reactive oxygen species (ROS), can trigger the p53 tumor suppressor to induce two different cellular responses: cell growth arrest and apoptosis. The choice between these cellular responses is dependent on the type of cell and stress as well as on the action of p53 coactivators. The prevention or progression of cancer is known to be greatly dependent on the p53 tumor suppressor protein. The ability of p53 to eliminate excess, damaged, or infected cells by apoptosis is vital for proper regulation of cell proliferation (22, 23) . The protein (p53) senses internal stress signals that promote its nuclear accumulation in an active form and in turn determines whether cells die or exhibit growth arrest. The growth-inhibitory activities of p53 prevent the proliferation of cells with damaged DNA or with the potential for neoplastic transformation. In addition, p53 contributes to cellular processes such as differentiation, DNA repair, and angiogenesis, which also appear to be vital for tumor suppression (22) (23) (24) (25) (26) .
In this study, we demonstrated that DKK3 knockdown prevents normal cell growth of non-small cell lung cancer (NSCLC) adenocarcinoma cell line H460 and induces apoptosis. We also found that the increased cytotoxicity following DKK3 knockdown may be a result of the high intracellular level of ROS beyond the cell's capacity to combat oxidative stress.
Materials and methods
Cells and their cultivation. The NSCLC H460 cell line used in the study was purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 medium (Hyclone Laboratories, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Hyclone Laboratories), 100 U/ml penicillin, and 100 μg/ml streptomycin. Flow cytometric detection. After cells were fixed with 70% ethanol at 4˚C for 30 min in the dark and washed with phosphate-buffered saline (PBS), they were stained with propidium iodide (PI, 50 μg/ml). DNA content was measured with FACScan (Epics XL; Beckman Coulter Counter, Fullerton, CA, USA). A minimum of 10,000 cells was counted per sample. The percentage of cells in each cell phase was determined by using the Phoenix Multicycler software (Phoenix Flow System, San Diego, CA, USA).
Western blot analysis. All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) except for cyclin E, phospho-Akt (pAkt), and ß-actin, which were purchased from Cell Signaling (Beverly, MA, USA), and for p21 WAF1/Cip1 (p21), purchased from Abcam (Cambridge, MA, USA). The protein concentration was determined by using a Lowry kit (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein were separated on a 10-12% sodium dodecyl sulfate polyacrylamide gel and transferred to a nitrocellulose membrane (Hybond ECL; Amersham Pharmacia, Piscataway, NJ, USA). Blots were blocked for 2 h at room temperature with blocking buffer (10% non-fat milk in PBS buffer containing 0.1% Tween-20), and the membrane was incubated for 1 h with the specific antibodies. After washing with the blocking buffer, the membrane was incubated with a horseradish peroxidase-labeled secondary antibody and visualized using a Westzol enhanced chemiluminescence detection kit (Intron Biotechnology).
Measurement of ROS.
Carboxydichlorofluorescein diacetate (DCFH-DA) is a nonpolar compound that converts to a membrane-impermeable nonfluorescent polar derivative (DCFH) by cellular esterase after incorporation into cells. The trapped DCFH was rapidly oxidized to fluorescent 2',7'-diclorofluorescein (DCF) by intracellular hydrogen peroxide. Trypsinized cells (~1x10 5 cells) were washed, resuspended with PBS, and treated with DCFH-DA at a final concentration of 10 μM. Cells were incubated for 30 min in the dark at 37˚C and the ROS level was directly measured by using flow cytometry.
Results

Methylated CpG islands on the DKK3 promoter.
In many cancer cells, the failure of DKK3 expression is closely associated to methylation on the DKK3 promoter (7, 8, 10, 12, 14, 15, 17) . Thus, we determined the extent of DKK3 methylation in a NSCLC H460 cell line. In the bisulfite pyrosequencing method for methylation analysis of DKK3, we selected four CpG sites, as shown in Fig. 1A . After performing PCR amplification, the methylation percentages were calculated by averaging the degree of methylation at the four CpG sites. The average of the extent of methylation was 44%, and DKK3 was still expressed (Fig. 1B) . We also found that the introduction of DKK3 SiRNA into H460 cells caused complete repression of DKK3 expression (Fig. 1B) .
Cytotoxic effect of DKK3 SiRNA on cell growth. To investigate whether DKK3 is involved in the signaling pathway for cell growth and apoptosis in NSCLC cell line H460, DKK3 was suppressed by SiRNA in H460 lung adenocarcinoma cells. As shown in Fig. 2A , cells treated with DKK3 SiRNA failed to attach onto the culture plate and then floated. Cells treated with DKK3 SiRNA showed significantly inhibited growth (by 70%; Fig. 2C and D) .
Induction of apoptosis by DKK3 downregulation.
To evaluate the cytotoxic effect induced by DKK3 downregulation in H460 cells, cells were analyzed by flow cytometry after PI staining. The DKK3-negative cells (H460/DKK3 SiRNA) showed a similar pattern to the DKK3-positive cells (parental H460) on the first day but entered the apoptotic phase after 2 days.
As shown in Fig. 3 , a significant difference was observed in the level of apoptosis. Whereas the parental H460 and H460/NC SiRNA cells showed only <3% apoptosis, the apoptosis increased progressively through day 3 in the case of the H460/DKK3 SiRNA cells (reaching up to 24%). However, no great differences were present in the other cell cycle phases. These data indicate that the cell detachment and abnormal growth pattern seen in H460/DKK3 SiRNA cells were a result of the apoptosis induced by downregulation of DKK3.
Signaling pathway involved in apoptosis and determination of the ROS level. We investigated the apoptosis-related protein expression in parental H460, H460/NC SiRNA, or H460/DKK3 SiRNA cells (Fig. 4A) . Blockage of DKK3 resulted in an increase in the levels of cyclin D1 and E but not the levels of Cdk2 and Cdk4. Furthermore, no differences in the phosphatase and tensin homolog (PTEN) and pAkt levels were seen between the parental H460 and the H460/DKK3 SiRNA cells, indicating that the apoptotis seen in the H460/DKK3 SiRNA cells was independent of the PTEN/pAkt signaling pathway. Interestingly, the levels of p53 and p21 were greatly elevated in the H460/DKK3 SiRNA cells, suggesting that they suffered from oxidative stress. We also monitored the expression level of Bax, which was translocated to the nucleus after the induction of apoptosis, by Western blotting. As expected, the Bax level was higher in the H460/DKK3 SiRNA cells than in the parental H460 cells.
A signaling pathway for p53 induction by increased ROS levels has been established. Thus, we investigated whether DKK3 modulates endogenous ROS levels in H460 cells. ROS measurements in the H460 cells with or without DKK3 SiRNA were performed by the uptake of reduced fluorescent indicator DCFH-DA, which is known to be oxidized by hydrogen peroxide (27) . In this study, oxidized DCF was determined by flow cytometry. The level of ROS was significantly elevated by the blockage of DKK3, and the greatest difference in the ROS level was seen at 20 h after transfecting DKK3 SiRNA (Fig. 4B) . These results suggest a function of DKK3 in maintaining the intracellular ROS level at an appropriate level.
Discussion
DKK3 expression is downregulated in several tumors as a consequence of epigenetic DNA modification (1, 5, 8, 10, 12, 14, 15, 17) . The loss of DKK3 expression was first observed in numerous immortalized tumor-derived cell lines (24) . Immortalization, or escape from cellular senescence, is an early event in malignant transformation (25) . DKK3 could act as a tumor suppressor gene by mediating the effects of senescence stimuli. In accordance with this hypothesis, DKK3 expression was found to be elevated in organs with predominantly growth-arrested postmitotic cells, such as the heart and brain (26) , and also in senescent prostate epithelial cells (28) . More recently, a breast cancer xenotransplantation model demonstrated that a single adenoviral-mediated intratumoral injection of a DKK3 expression vector efficiently discontinued tumor growth, with the induction of apoptosis in these cells (23) . These results suggest that DKK3 has an important tumor-suppressive function that either prevents tumor initiation or attenuates cancer progression. In this study, however, we also suggest that, DKK3 has a tumor-suppressive function not only when it is present in the normal state but also when its expression is completely blocked. In fact, lung adenocarcinorma H460 cells showed an apoptotic response when DKK3 SiRNA was transfected, and thus, endogenous DKK3 expression was blocked. As shown in Fig. 1 , DKK3 was methylated to the 44% level but still expressed. On transfecting DKK3 SiRNA, DKK3 expression was not detectable. In this case, H460/DKK3 SiRNA cells showed a significant growth impairment such as characteristic cell detachment from the culture plate and decreased cell number as well as apoptosis.
Expression of p53 is rapidly upregulated after ionizing radiation-or ROS-induced DNA damage, followed by transcriptional activation of several downstream genes such as p21, cyclin G, and GADD45 whose products function as regulators of diverse aspects of cell growth. Indeed, the p53 protein is a critical regulator of cellular growth and controls both proliferation and apoptotic response of cells (29) (30) (31) .
ROS are produced as a normal by-product of cellular metabolism and function as signaling molecules that are involved in numerous signaling pathways regulating cell proliferation, senescence, apoptosis, necrosis, and autophagy (32, 33) . Stress, such as exposure to ROS and chemotoxic substrates, usually activates the intrinsic apoptotic pathway. This pathway is controlled by the activation of the ATM/ATR set of kinases that sense single-and double-strand damage, followed by the phosphorylation of p53, and in turn activated p53 participates in the DNA repair process (34) (35) (36) . As shown in Fig. 4B , the intracellular ROS level was higher in the H460/DKK3 SiRNA cells than in the parental H460 or H460/NC SiRNA cells, indicating that the blockage of DKK3 leads to an increase in the cellular ROS level, and thus, the cell may suffer from high oxidative stress. Therefore, to endure oxidative stress, H460 cells with no detectable DKK3 expression operate a specific repair mechanism related to p53 and p21 through their activation.
The p53-dependent G1-and G2-arrest response may allow cells to repair DNA damage induced by ROS, ionizing radiation, and other genotoxic agents prior to transit through the cell cycle to initiate DNA synthesis, replication, and mitosis. When the ROS stress exceeds a cell's capacity to endure DNA damage-induced stress, the cell undergoes an apoptotic response. As shown in Fig 4A, a significant increase in the expression of p53 and p21 was found in the H460/DKK3 SiRNA cells, without detectable DKK3. Interestingly, cyclin D1 and E were also induced, indicating that the elimination of endogenous DKK3 by transfecting DKK3 SiRNA triggers cells to proceed through the G1 and G2 cell cycles even when experiencing high oxidative stress, and not attenuate the cell cycle to repair the damage. Bax was the first member of the group induced by p53 (37) . Under various oxidative stresses, Bax forms a homodimer and releases cytochrome c from the mitochondria (38) , resulting in caspase-9 activation (39). The requirement of Bax in p53-mediated apoptosis appears to be cell-type dependent (37) (38) (39) . We confirmed that Bax was also induced by transfecting DKK3 SiRNA, with the result that the cells operated the apoptotic cycle via p53 activated by the increased ROS level.
In conclusion, this study is the first to present another function of DKK3 in maintaining the intracellular ROS level at an appropriate level and thus enabling cells to grow normally.
